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Using electrospray ionization tandem mass spectrometry combined with liquid chromatography (LC), a
novel analytical method was developed to quantify eight monomeric organophosphorus ﬂame re-
tardants (m-PFRs) and three oligomeric organophosphorus ﬂame retardants (o-PFRs) in ﬁsh muscle
samples. The optimization and validation experiments indicate that the developed method can deter-
mine accurately the concentrations of analytes in ﬁsh muscle samples. The recoveries of analytes in ﬁsh
muscle samples were in the range of 74e105%. The coefﬁcients of variation of the concentrations of
analytes in ﬁsh muscle samples were 0.6e8.9%. The concentrations of analytes in procedural blanks were
below the limit of quantiﬁcation (LOQ) values. Furthermore, the developed method was applied to the
analysis of m-PFRs and o-PFRs in the muscle samples of tilapias collected from an electronic waste (e-
waste) processing area in northern Vietnam. The concentrations of m-PFRs such as tris(2-chloroethyl)
phosphate (TCEP), tris(2-chloroisopropyl) phosphate (TCIPP), and triphenyl phosphate (TPHP) were
dominant among the investigated m-PFRs. The respective concentrations of TCEP, TCIPP, and TPHP were
up to 160, 300, and 230 ng g1 lipid weight, respectively, whereas those of o-PFRs were up to 10 ng g1
lipid weight. The results of this study indicate lower accumulation potential of o-PFRs compared with m-
PFRs for the ﬁrst time.
Copyright © 2016, The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).es and Waste Management
s (NIES), 16-2 Onogawa, Tsu-
. Matsukami).
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y-nc-nd/4.0/).1. Introduction
Monomeric organophosphorus ﬂame retardants (m-PFRs) have
been used for several decades to reduce the ﬂammability of poly-
meric materials. Tris(2-chloroethyl) phosphate (TCEP), tris(2-
chloroisopropyl) phosphate (TCIPP), and tris(1,3-
dichloroisopropyl) phosphate (TDCIPP) are used mainly for poly-
urethane foam [1,2]. Triphenyl phosphate (TPHP), (methylphenyl)
diphenyl phosphate (MPDPP), (2-ethylhexyl)diphenyl phosphatehalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-
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thylphenyl) phosphate (TDMPP) are used mainly for several engi-
neering plastics and polyvinyl chloride products [2e6]. Oligomeric
organophosphorus ﬂame retardants (o-PFRs) such as 1,3-
phenylene bis(diphenyl phosphate) (PBDPP), bisphenol A bis(di-
phenyl phosphate) (BPA-BDPP), and 1,3-phenylene bis[di(2,6-
dimethylphenyl) phosphate] (PBDMPP) (also known by the ab-
breviations RDP, BDP, and RDX, respectively) are used mainly for
thermoplastics and thermosetting resins of polyphenylene oxide/
high-impact polystyrene (PPO/HIPS) 4and polycarbonate/ABS (PC/
ABS) blends [7e10]. During the past decade, Penta-BDE and Octa-
BDE technical formulations have been banned worldwide [11],
and Deca-BDE mixtures have been phased out gradually in many
countries [12] because of their persistence, bioaccumulation, and
potential toxic effects. Since the restrictions, regulations, and pro-
hibitions against the production and use of PBDE formulations,
PFRs were introduced as alternatives. Stapleton et al. [13,14] re-
ported that TPHP, TCIPP, and TDCIPP have been used as re-
placements for Penta-BDE mixtures in polyurethane foam. Pakalin
et al. [8] reported that TPHP, MPDPP, PBDPP, and BPA-BDPP have
been used as replacements for Deca-BDE mixtures in PPO/HIPS and
PC/ABS. According to The Chemical Daily of Japan [15], the
respective consumptions of halogenated and non-halogenated
organophosphorus esters for ﬂame retardants in 2014 in Japan
were 2500 and 20,000 tonnes, whereas the consumptions of Deca-
BDE mixtures were 800 tonnes.
In most applications, PFRs are used as additives in materials,
which allow them to leach out of the material into the environ-
ment easily via volatilization, abrasion, and dissolution [16]. Pre-
vious studies reported that the highest concentrations, greater
than 0.1 mg g1 or 0.01% in dust in homes, ofﬁces, and facilities
have been for not only m-PFRs, such as TPHP, TCEP, TCIPP, and
TDCIPP [12,13,16e20], but also o-PFRs, such as PBDPP and BPA-
BDPP [20]. Those previous data indicated that not only m-PFRs
but also o-PFRs have been released from their treated materials to
indoor environments. In contrast, little information on the oc-
currences of m-PFRs and o-PFRs in outdoor environments exists.
Although it seems to depend on their use frequency, incorporation
(i.e., reactive or additive) in polymeric materials, and physico-
chemical properties, the concentrations of m-PFRs detected from
airborne particle, soil, sediment, and biota samples in the previous
reports [21e26] underscores their potential emissions to outdoor
environments. In fact, PBDPP, BPA-BDPP, and PBDMPP with con-
centrations in parts-per-million (ppm) or parts-per-billion (ppb)
order in surface soil and river sediment samples collected from an
electronic waste (e-waste) processing area have been reported in
our earlier study [27]. To elucidate the environmental risks posed
by PFRs, further information related to the bioaccumulations of o-
PFRs in biota is crucially important. Nevertheless, no deﬁnitive
information exists for concentrations of o-PFRs in biota, because
no method for analyzing o-PFRs in the biota sample has been
developed yet.
This study was conducted to develop an analytical method for
eightm-PFRs (TPHP, MPDPP, EHDPP, TMPP, TDMPP, TCEP, TCIPP, and
TDCIPP) and three o-PFRs (PBDPP, BPA-BDPP, and PBDMPP) in ﬁsh
muscle samples using electrospray (ESI) tandem mass spectrom-
etry (MSMS) combined with liquid chromatography (LC). The
sample extraction and cleanup procedures, and LCeESI-MSMS
measurement parameters were optimized and validated to achieve
the accurate quantiﬁcations of analytes in ﬁsh muscle samples. And
then, the developedmethod was applied to quantify the analytes in
muscle samples of tilapias collected from an e-waste processingarea in northern Vietnam.
2. Materials and methods
2.1. Chemicals and reagents
TPHP, MPDPP, and TCEP were purchased from Tokyo Chemical
Industry Co. Ltd. (Tokyo, Japan). EHDPP was purchased from Fluka
Chemie AG (Buchs, Switzerland). TMPP, TCIPP, and TDCIPP were
purchased fromWako Pure Chemical Industries Ltd. (Osaka, Japan).
TDMPP was purchased from Hayashi Pure Chemical Ind. Ltd.
(Osaka, Japan). Deuterium-labeled TCEP, TPHP, TMPP, and TDMPP
(TCEP-d12, TPHP-d15, TMPP-d21, and TDMPP-d9) were used as in-
ternal standards in this study. TCEP-d12, TMPP-d21, and TDMPP-d9
were purchased fromHayashi Pure Chemical Ind. Ltd. TPHP-d15was
purchased from Cambridge Isotope Laboratories Inc. (Tewksbury,
MA, USA). Commercial PBDPP (“CR-733S”), BPA-BDPP (“CR-741”),
and PBDMPP (“PX-200”) were used as reference substances for this
study. Table 1 presents CAS numbers, names, and physicochemical
properties of m-PFRs and o-PFRs analyzed in this study. Water was
obtained from a Milli-Q puriﬁcation system (Millipore Corp., Bill-
erica, MA, USA). LC/MS grade acetonitrile and methanol, dioxin
analysis grade acetone and toluene, and JIS special grade ammo-
nium acetate were purchased fromWako Pure Chemical Industries
Ltd. Dioxin analysis grade n-hexane and dichloromethane, PCB
analysis grade anhydrous sodium sulfate, and column chromatog-
raphy grade Florisil were purchased from Kanto Chemical Co. Inc.
(Tokyo, Japan). Supelclean™ ENVI-Carb 120/400 and Discovery®
DSC-18Lt were purchased from Sigma-Aldrich Corp. (St. Louis, MO,
USA).
2.2. Sample collection
Muscle tissue of a bream purchased from a fresh market in
Tsukuba, Japan in April 2013 was used for method optimization and
validation. Fifteen ﬁshes collected from the river that ﬂows through
an e-waste processing area in Bui Dau, Hung Yen province, northern
Vietnam in December 2014 was used for method application. All
ﬁsh species used for the method applications were Nile tilapia
(Oreochromis niloticus). The body lengths, body weights, and lipid
contents of the ﬁshes used for the method applications were
11e20 cm, 25e150 g, and 0.53e1.1%, respectively. Further details
regarding the sampling area is given elsewhere [27]. The ﬁsh
muscle samples were stored in amber glass bottles at 20 C until
chemical analysis. Each ﬁsh muscle tissue was homogenized with
anhydrous sodium sulfate using a pestle in a mortar.
2.3. Sample extraction and cleanup
2.3.1. Method optimization and validation
The bream muscle sample was used for method optimization
and validation. The day before extraction, approximately 5 g wet
weight of the bream muscle sample was spiked with analytes, and
then was packed into a stainless-steel column (190 mm  15 mm
i.d.) with glass ﬁber ﬁlters (GF-75, 19 mmf; Advantec Toyo Kaisha
Ltd.). The extraction optimization was performed in three steps
using a rapid solvent extractor (SE-100; Mitsubishi Chemical Ana-
lytech Co., Ltd.). First, 80 mL of acetone:n-hexane (1:1, v/v) mixture
was passed through the column at ﬂow rate of 2 mL min1. The
temperature of the column was maintained at 35 C. The extrac-
tions described above were repeated by 2 times with 80 mL of
toluene at ﬂow rate of 2 mL min1. The temperature of the column
Table 1
CAS numbers, names, abbreviations, molecular formulas, molecular weights, and physicochemical properties of monomeric and oligomeric organophosphorus ﬂame re-
tardants analyzed in this study.
CAS
number
Name PRABa Previously used
abbreviation
Molecular
formula
Molecular weight (g/
mol)
Log
Kow
Vapor pressure (Pa,
25 C)
115-96-8 Tris(2-chloroethyl) phosphate TCEP TCEP C6H12Cl3O4P 285.49 1.47b 1.44  102b
13674-84-5 Tris(2-chloroisopropyl) phosphate TCIPP TCPP C9H18Cl3O4P 327.57 2.59b 2.69  103b
13674-87-8 Tris(1,3-dichloroisopropyl) phosphate TDCIPP TDCPP C9H15Cl6O4P 430.90 3.27b 5.43  106b
115-86-6 Triphenyl phosphate TPHP TPP C18H15O4P 326.28 4.59b 8.37  104b
26444-49-5 Methylphenyl diphenyl phosphate MPDPP CDP C19H17O4P 340.31 4.51c 6.3  104c
1241-94-7 2-Ethylhexyldiphenyl phosphate EHDPP EHDP C20H27O4P 362.41 5.73c 8.7  105c
1330-78-5 Tris(methylphenyl) phosphate TMPP TCP C21H21O4P 368.36 5.11b 8.00  105b
25155-23-1 Tris(dimethylphenyl) phosphate TDMPP TXP C24H27O4P 410.44 5.63c 6.9  106c
57583-54-7 1,3-Phenylene bis(diphenyl phosphate) PBDPP RDP C30H24O8P2 574.45 7.08b 5.01  1011b
5945-33-5 Bisphenol A bis(diphenyl phosphate) BPA-
BDPP
BDP C39H34O8P2 692.63 8.29b 1.97  1015b
139189-30-
3
1,3-Phenylene bis(dimethylphenyl
phosphate)
PBDMPP RDX C38H40O8P2 686.67 10.28b 4.44  1013b
a Abbreviations for PFRs in this study are the practical abbreviations (PRABs) proposed in Bergman et al. [28].
b Value in Bergman et al. [28].
c Value in Van der Veen and de Boer [29].
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10 mL. The cleanup optimization was performed with three glass
columns. One ﬁfth of the crude extract was passed through the
glass column (100 mm  10 mm i.d.) packed with 1 g of Florisil
(prewashed with 20 mL of acetone and 20 mL of n-hexane). Three
fractions were collected: 10 mL of dichloromethane:n-hexane (1:4,
v/v) mixture (Fraction 1), 10 mL of acetone:n-hexane (1:1, v/v)
mixture (Fraction 2), and an additional 10 mL of the same solvent
(Fraction 3). Each eluate was evaporated to 1 mL. The Fraction 2 of
Florisil column described above was passed through the glass col-
umn (100 mm  10 mm i.d.) packed with 0.25 g of Supelclean™
ENVI-Carb 120/400 (prewashed with 20 mL of acetone:n-hexane
(1:1, v/v) mixture). Three fractions of 20, 10, and 10 mL (Fraction
1e3) were collected using acetone:n-hexane (1:1, v/v) mixture.
Each eluate was evaporated to 1 mL. The Fraction 2 of Florisil col-
umn described above was also passed through the glass column
(150 mm  7 mm i.d.) packed with 0.1 g of Discovery® DSC-18Lt
(prewashed with 5 mL of acetonitrile). Three fractions of 1 mL
each (Fraction 1e3) were collected using acetonitrile.
2.3.2. Method application
Approximately 5 g wet weight of the tilapia muscle sample was
spiked with the internal standards the day before extraction. The
tilapia muscle samples were extracted using the rapid solvent
extractor with 80 mL of acetone:n-hexane (1:1, v/v) mixture at the
column temperature of 35 C and 80 mL of toluene at the column
temperature of 80 C. The crude extracts were evaporated to 10 mL
and stored at 4 C until cleanup. One ﬁfth of the crude extract was
passed through Florisil column (prewashed with 20 mL of acetone
and 20 mL of n-hexane). First, 10 mL of dichloromethane:n-hexane
(1:4, v/v) mixture was passed through Florisil column and the
eluate was discarded. And then, 10 mL of acetone:n-hexane (1:1, v/
v) mixture was passed through Florisil column and the eluate was
collected. The elutate was evaporated to 0.1 mL and redissolved in
1 mL of acetonitrile. Subsequently, the elutate of Florisil column
was passed through DSC-18Lt column (prewashed with 5 mL of
acetonitrile). 2 mL of acetonitrile was passed through DSC-18Lt
column. The eluate was evaporated to 0.2 mL.
2.4. LCeESI-MSMS measurement
An electrospray ionizationetandem mass spectrometer (Quat-
tro Ultima; Waters Corp., Milford, MA, USA) equipped with an
ultra-high-performance liquid chromatograph (1290 Inﬁnity;Agilent Technologies Inc., Santa Clara, CA, USA) with a column
(ZORBAX Eclipse Plus C18 RRHD, 100 mm  2.1 mm i.d., 1.8 mm;
Agilent Technologies Inc., Santa Clara, CA, USA) was used for the
measurement of analytes. The electronspray ionization was used in
the positive mode for analytes. The capillary voltage was set to
3000 V, with source temperature of 120 C and desolvation tem-
perature of 400 C. Nitrogen was used as the desolvation and
nebulizer gas. Argonwas the collision gas. The desolvation gas ﬂow
was 700 L h1, cone gas ﬂow 50 L h1, with collision gas pressure
3.0  103 mbar. A water solution containing 10 mM ammonium
acetate was used as a mobile phase A and 100% methanol con-
taining 10 mM ammonium acetate was used as a mobile phase B.
The following gradient was used: 0 min (60% B), 15 min (99% B),
20 min (99% B), and 20.1 min (60% B). The ﬂow rate of the mobile
phase was set to 0.3 mL min1. The LC injection volume was 2 mL.3. Results and discussion
3.1. Optimization of sample extraction and cleanup procedures
The analytes spiked in the breammuscle samplewere efﬁciently
extracted by 80 mL of acetone:n-hexane (1:1, v/v) mixture at the
column temperature of 35 C with the recoveries in the range of
79e115% (Table S1 of Supplementary data). Subsequently, the ex-
tractions of analytes remained in the samples were repeated by 2
times with 80 mL of toluene at the column temperature of 80 C,
but the recoveries of analytes were up to 3%. Therefore, we selected
two extractants, 80 mL of acetone:n-hexane (1:1, v/v) mixture at
the column temperature of 35 C, and 80 mL of toluene at the
column temperature of 80 C for the following experiments. The
glass ﬁber ﬁlter used for the stainless-steel column in SE-100 was a
particular source of the blank contamination of TCIPP in our pre-
vious study [30]. Therefore, the ﬁlter was needed to bewashedwith
acetone before use.
A shortcoming of LCeESI-MSMS measurement is signal sup-
pression or enhancement caused by matrix effects. The complex
matrices in the crude extract of ﬁsh muscle sample might impede
the accurate quantiﬁcations of analytes. The three glass columns
containing Florisil, ENVI-Carb, and DSC-18Lt were investigated to
separate the analytes from thematrices in the ﬁshmuscle extract in
this study (Fig. 1). For Florisil column, the analytes were eluted in
the second fraction with recoveries of 85e107%. For ENVI-Carb
column, o-PFRs were eluted only slightly with acetone:n-hexane
(1:1, v/v), although m-PFRs were eluted completely after 20 mL,
Fig. 1. Elution proﬁles of monomeric and oligomeric organophosphorus ﬂame retardants from three glass columns packed with (a) 1 g of Florisil, (b) 0.25 g of Supelclean™ ENVI-
Carb, and (c) 0.1 g of Discovery® DSC-18Lt. Ace e acetone; Hex e n-hexane; DCM e dichloromethane; MeCN e acetonitrile.
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PFRs. For DSC-18Lt column, the analytes were eluted completely in
the 2 mL of acetonitrile, with recoveries of 97e111%. Considering
the recoveries of analytes and the separations from the matrices in
the ﬁsh muscle extract, a two-step cleanup method using the Flo-
risil column and the subsequent DSC-18Lt column following SE-100
extraction was optimized and used for the analysis of analytes in
the ﬁsh muscle samples.3.2. Optimization of LCeESI-MSMS measurement parameters
The reference substance of MPDPP is known to contain its
related byproducts such as TPHP, bis(methylphenyl)phenyl
phosphate (BMPPP), and TMPP within concentrations greater than
1wt% [31]. The compositional analysis of the reference substance of
MPDPP was conducted using a ﬂame ionization detector and
electron impact (EI) equadrupole mass spectrometer combined
with a gas chromatograph. Table 2 presents the concentrations of
constituents in the reference substance of MPDPP used in thisstudy. Average peak areas and concentrations of constituents in the
reference substance of MPDPP are given in Table S2 of
Supplementary data. The results of the compositional analysis
indicate that the reference substance of MPDPP consisted of
approximately 37.9 wt% for MPDPPs (molecular positive ion at m/z
340 in EI), 27.4 wt% for TPHP (molecular positive ion at m/z 325 in
EI), 26.1 wt% for BMPPPs (molecular positive ion at m/z 354 in EI),
and 8.3 wt% for TMPPs (molecular positive ion atm/z 368 in EI). This
report is the ﬁrst to provide comprehensive information related to
the constituents in a commercially available reference substance of
MPDPP. Commercial PBDPP (CR-733S), BPA-BDPP (CR-741), and
PBDMPP (PX-200) were respectively used as the reference sub-
stances of PBDPP, BPA-BDPP, and PBDMPP in this study. Our earlier
report described that CR-733S, CR-741, and PX-200 consisted of
more oligomers and several impurities [32]. The concentrations of
PBDPP, BPA-BDPP, and PBDMPP were approximately 71 wt% in CR-
733S, 88 wt% in CR-741, and 96 wt% in PX-200, respectively. On the
other hand, the concentrations of TPHP were 2.0 wt% in CR-733S
and 1.2 wt% in CR-741, respectively. The concentration of TDMPP
Table 2
CAS numbers, names, molecular formulas, and average concentrations (n ¼ 3) of constituents in the reference substance of MPDPP used in this study.
CAS number Name PRABsa Previously used abbreviations Molecular formula Average concentration (n ¼ 3) (wt%)
115-86-6 Triphenyl phosphate TPHP TPP C18H15O4P 27.4
26444-49-5 Methylphenyl diphenyl phosphate MPDPP CDP C19H17O4P 37.9
26446-73-1 Bis(methylphenyl) phenyl phosphate BMPPP e C20H19O4P 26.1
1330-78-5 Tris(methylphenyl) phosphate TMPP TCP C21H21O4P 8.3
a Abbreviations for PFRs in this study are the practical abbreviations (PRABs) proposed in Bergman et al. [28].
Table 3
Purities of TPHP, MPDPP, TMPP, TDMPP, PBDPP, BPA-BDPP, and PBDMPP in calibration solution mixtures used in this study.
Compound Purity (wt%) Details
TPHP 129.6 99 wt% in the reference substance of TPHP, 27.4 wt% in the reference substance of MPDPP
2.0 wt% in CR-733S (commercial PBDPP), 1.2 wt% in CR-741 (commercial BPA-BDPP)
MPDPP 37.9 37.9 wt% in the reference substance of MPDPP
TMPP 106.3 98 wt% in the reference substance of TMPP, 8.3 wt% in the reference substance of MPDPP
TDMPP 101.8 99 wt%in the reference substance of TDMPP, 2.8 wt% in PX-200 (commercial PBDMPP)
PBDPP 71 71 wt% in CR-733S (commercial PBDPP)
BPA-BDPP 88 88 wt% in CR-741 (commercial BPA-BDPP)
PBDMPP 96 96 wt% in PX-200 (commercial PBDMPP)
H. Matsukami et al. / Emerging Contaminants 2 (2016) 89e97 93was 2.8wt% in PX-200. Table 3 presents the detailed information on
concentrations of TPHP, MPDPP, TMPP, TDMPP, PBDPP, BPA-BDPP,
and PBDMPP in the calibration solution mixtures used in this
study. Although the calibration solution mixtures for the quantiﬁ-
cations of analytes were prepared using commercially available
reference substance of MPDPP and commercial PBDPP, BPA-BDPP,
and PBDMPP, it is important to specify the true concentrations of
each of the compounds (monomer, oligomers and impurities) in
the calibration solution mixtures for the accurate quantiﬁcation of
analytes in ﬁsh muscle samples.
Table 4 presents LCeESI-MSMS retention times and ion transi-
tions measured using multiple-reaction-monitoring (MRM) for
quantiﬁcations of analytes in this study. The precursor ions of
analytes respectively gave stable ammonium adduct molecule ions
using a mobile phase that contained ammonium acetate. An
intense product ion at m/z 99 was observed for TCEP, TCIPP, and
TDCIPP, corresponding to the losses of an ammonium ion and three
organochlorine groups. An intense product ion at m/z 152
(C6H4 þ C6H5þ/ C12H8þ þ H) was observed for TPHP, MPDPP, and
EHDPP from the reaction of C6H4 with C6H5þ. Intense product ions
were observed atm/z 165 (C7H6þ C6H3þ/ C13H9þ) for TMPP andm/Table 4
Retention times, MRM transitions, and internal standards of monomeric and oligomeric
Compound Retention time (min) MRM 1
m/z c.v.a (V) c.e.b
TCEP 1.63 302.1 > 99.1 45 30
TCEP-d12 1.63 314.1 > 102.1 45 30
TCIPP 3.65 344.1 > 99.1 45 30
TDCIPP 5.92 447.9 > 99.1 45 30
TPHP 6.14 344.3 > 152.2 45 40
TPHP-d15 5.96 359.3 > 159.2 45 40
MPDPP 7.42 358.3 > 152.2 45 40
TMPP 9.75 386.3 > 165.2 45 50
TMPP-d21 9.57 407.3 > 173.2 45 50
EHDPP 10.65 380.3 > 251.2 45 15
TDMPP 12.29 428.3 > 179.2 45 50
TDMPP-d9 12.50 437.3 > 183.2 45 50
PBDPP 9.46 592.1 > 419.2 45 40
BPA-BDPP 12.35 710.3 > 367.3 45 40
PBDMPP 14.62 704.2 > 565.3 45 40
a c.v. ¼ cone voltage.
b c.e. ¼ collision energy.
c n.u. ¼ not used.z 179 (C8H8 þ C6H3þ / C14H11þ ) for TDMPP, respectively. Intense
product ions were observed atm/z 419 (the losses of an ammonium
ion and C6H5O3P) for PBDPP, atm/z 327 (the losses of an ammonium
ion and C21H19O4P) for BPA-BDPP, and at m/z 565 (the losses of an
ammonium ion and C8H10O) for PBDMPP.
Brandsma et al. reported the important case of blank contami-
nations bym-PFRs from the LC system itself [33]. Fig. 2 presents the
MRM chromatograms of TMPP, PBDPP, BPA-BDPP, and PBDMPP
detected from the blank injection with and without a guard-
column in this study. One broad peak of TMPP and signals
respectively corresponding to 0.13 pg of PBDPP, 0.34 pg of BPA-
BDPP, and 0.05 pg of PBDMPP were detected from the blank in-
jectionwithout a guard-column in this study. Those results indicate
the presence of blank contaminations originating from the LC
system used in this study. The previous reports described that a
guard-column have been commonly installed between the pump
and the injector to trap this contamination for analysis of per-
ﬂuoroalkyl substances with LC system [34]. To assist the analytical
column in separating the blank contaminations of analytes from
the LC system, a guard-column (ZORBAX Eclipse Plus C18 RRHD,
50 mm 2.1 mm i.d., 1.8 mm; Agilent Technologies Inc., Santa Clara,organophosphorus ﬂame retardants used in this study.
MRM 2 Internal standard
(eV) m/z c.v.a (V) c.e.b (eV)
302.1 > 125.1 45 20 TCEP-d12
314.1 > 130.1 45 20 e
344.1 > 175.2 45 15 TCEP-d12
447.9 > 209.2 45 20 TCEP-d12
344.3 > 168.2 45 40 TPHP-d15
359.3 > 160.2 45 40 e
358.3 > 165.2 45 40 TPHP-d15
386.3 > 178.2 45 50 TMPP-d21
407.3 > 174.2 45 50 e
380.3 > 152.2 45 40 TMPP-d21
428.3 > 194.2 45 30 TDMPP-d9
437.3 > 184.2 45 50 e
592.1 > 481.2 45 40 n.u.c
710.3 > 327.3 45 40 n.u.c
704.2 > 583.3 45 40 n.u.c
Table 5
Results of triplicate spike experiments using the bream muscle samples.
Compound Amount spiked Average (n ¼ 3) Recovery Coefﬁcient of variation
(ng) (ng) (%) (%)
TCEP 100 74 74 0.8
TCIPP 100 81 81 2.5
TDCIPP 100 78 78 2.7
TPHP 130 106 82 6.0
MPDPP 38 32 83 1.8
EHDPP 100 81 81 2.1
TMPP 100 75 75 2.8
TDMPP 100 91 91 8.9
PBDPP 71 74 105 3.4
BPA-BDPP 88 72 82 2.4
PBDMPP 96 99 103 0.6
TCEP-d12 10 8.7 87 3.0
TPHP-d15 10 10 96 7.3
TMPP-d21 10 7.7 77 0.6
TDMPP-d9 10 11 114 4.6
Fig. 2. MRM chromatograms of tris(methylphenyl) phosphate (TMPP), 1,3-phenylene bis(diphenyl phosphate) (PBDPP), bisphenol A bis(diphenyl phosphate) (BPA-BDPP), and 1,3-
phenylene bis[di(2,6-dimethylphenyl) phosphate] (PBDMPP) detected from blank injection using LC system (a) with and (b) without a guard-column.
H. Matsukami et al. / Emerging Contaminants 2 (2016) 89e9794CA, USA) was placed between the pump and the injector of LC
system. As shown in Fig. 2, the guard-column was effective to
reduce the blank contaminations of TMPP, PBDPP, BPA-BDPP, and
PBDMPP originating from the LC system. Those results suggest that
the possible source of the blank contaminations of TMPP, PBDPP,
BPA-BDPP, and PBDMPP might be from the components in thepump used in this study.3.3. Method validation
The calibration solution mixtures of analytes were made in the
range of 0.5e100 ng mL1, showing good linearity (R > 0.99). The
Table 6
Concentrations (ng g1 lipid weight) of monomeric and oligomeric organophos-
phorus ﬂame retardants in the muscle samples of tilapias collected from an e-waste
processing area in Bui Dau, northern Vietnam.
Compound LOQa % > LOQ Min. Median Max.
(ng g1 lw) (ng g1 lw) (ng g1 lw) (ng g1 lw)
TCEP 15 93 <15 46 160
TCIPP 10 100 63 130 300
TDCIPP 10 100 12 27 79
TPHP 5 100 43 92 230
MPDPP 5 100 11 24 68
EHDPP 5 20 <5 <5 11
TMPP 5 100 11 37 94
TDMPP 5 7 <5 <5 7.9
PBDPP 5 60 <5 6.1 8.2
BPA-BDPP 5 13 <5 <5 10
PBDMPP 5 7 <5 <5 9.3
a
H. Matsukami et al. / Emerging Contaminants 2 (2016) 89e97 95instrumental detection limits of analytes were in the range of
0.3e1.5 ng mL1, which were calculated using the signal-to-noise
ratio of MRM chromatographs obtained from LCeESI-MSMS mea-
surement of the calibration solution mixtures. The limit of quan-
tiﬁcation (LOQ) values for analytes in ﬁsh muscle samples were in
the range of 5e15 ng g1 for 0.05 g of lipid weight (lw). The trip-
licate spike experiments using the muscle sample of a bream were
conducted to validate the developed method in this study. The
recoveries of analytes and internal standards spiked in the bream
muscle samples were in the range of 74e105% and 77e114%,
respectively (Table 5). The coefﬁcients of intraday variations of the
concentrations of analytes were in the range of 0.6e8.9%. The
concentrations of analytes in procedural blanks were below the
LOQ values. The results of the method validations demonstrate that
the developed method in this study can achieve the accurate
quantiﬁcations of m-PFRs and o-PFRs in ﬁsh muscle samples.LOQ ¼ limit of quantiﬁcation.3.4. Concentrations in tilapia muscle tissues from an e-waste
processing area
The developed method was applied to the analysis of m-PFRs
and o-PFRs in the tilapia muscle samples collected from an e-waste
processing area in Bui Dau, northern Vietnam. The ZORBAX Eclipse
Plus C18 RRHD column showed suitable retention with good sep-
aration and peak shapes for the analytes in the tilapia muscle
samples (Fig. 3). The average recoveries of internal standards in all
tilapia muscle samples were 71e78%. Table 6 presents the con-
centrations of analytes in the tilapia muscle samples on a lipid-
weight basis. Those concentrations on a wet-weight basis areFig. 3. MRM chromatograms of monomeric and oligomeric organophosphorus ﬂame retarda
Bui Dau, northern Vietnam.given in Table S3 of Supplementary data. The concentrations of m-
PFRs, particularly in TCEP, TCIPP, and TPHP were dominant among
the investigated PFRs. The concentration medians and ranges of
TCEP, TCIPP, and TPHP in the tilapia muscle samples were 46
(<5e160), 130 (63e300), and 92 (43e230) ng g1 lw, respectively.
In contrast, the concentration medians and ranges of PBDPP, BPA-
BDPP, and PBDMPP in the tilapia muscle samples were 6.1
(<5e8.2), <5 (<5e10), and <5 (<5e9.3) ng g1 lw, respectively. This
is the ﬁrst report of o-PFR concentrations in any biota samples.
The levels of m-PFRs in the tilapia muscle samples obtained
from this study were within the same order of magnitude thannts acquired in the tilapia muscle sample collected from an e-waste processing area in
H. Matsukami et al. / Emerging Contaminants 2 (2016) 89e9796those from the previous reports on the ﬁsh samples from the lakes
and coastal areas in Sweden, Manila Bay in the Philippines, and the
Western Scheldt estuary in the Netherlands [24e26]. According to
the results of two previous reports [25,26], the trophic magniﬁca-
tion of TCEP, TCIPP, and TPHP have been observed in the benthic
food web. Those results suggested that the exposure to bottom
sediments enriched in TCEP, TCIPP, and TPHP have caused the
accumulation of TCEP, TCIPP, and TPHP in bottom dwelling species.
Considering that TCEP, TCIPP, and TPHP have been detected with
concentrations in ppm or ppb order in surface soil and river sedi-
ment samples around the tilapia sampling sites in Bui Dau [27], the
results of this study also suggest the potential bioaccumulations of
TCEP, TCIPP, and TPHP in ﬁsh muscle tissue.
It is noteworthy that the concentrations of o-PFRs in the tilapia
muscle samples were one order of magnitude lower than those of
TCEP, TCIPP, and TPHP, even though the concentrations of o-PFRs in
surface soil and river sediment samples around the tilapia sampling
sites in Bui Dau were higher than those of TCEP, TCIPP, and TPHP
[27]. The results of this study suggest that the potential bio-
accumulations of o-PFRs in ﬁsh muscle tissues might be lower than
those of m-PFRs. A review by Waaijers et al. [35] mentioned that
the available references gave the highly variable data with both
high and low bioaccumulation values of PBDPP and BPA-BDPP. No
deﬁnitive information on the concentrations of o-PFRs in biota
samples limits the assessment of their bioaccumulations. On the
other hand, Ballesteros-Gomez et al. [36] reported that PBDPP was
readily hydrolyzed and gave a variety of degradation products in
hydrolysis incubation experiments. Jurgens et al. [37] reported that
PBDPPwas biodegradable, whereas BPA-BDPPwas persistent based
on the results of mineralization tests using activated sludge sam-
ples. Two previous studies about in vivo and in vitro metabolism of
PBDPP [36,38] demonstrated that PBDPP were easily metabolized
and gave a variety of degradation products. The potential bio-
accumulations at least of PBDPP might be lower than those of TCEP,
TCIPP, and TPHP.
The results of this study indicate lower accumulation potential
of o-PFRs compared with m-PFRs. However, our ﬁndings to link the
differences in bioaccumulations of m-PFRs and o-PFRs were
limited, because data on their concentrations in the liver and other
tissues are not available. Furthermore, we should also consider that
PFRs are additives incorporated into polymeric materials to assess
the environmental and human health risks posed bym-PFRs and o-
PFRs. The chemical properties and leaching behaviors of m-PFRs
and o-PFRs in the environment and biota might also link the dif-
ferences in those risks. Speciﬁcally, the water solubilities and sta-
bilities of m-PFRs and o-PFRs might contribute the differences in
their leaching behaviors in the environment and biota.
Our earlier studies conﬁrmed the widespread occurrence of
emerging halogenated or organophosphorus ﬂame retardants in
surface soils and river sediments around e-waste processing
workshops at the same e-waste processing area [27,39]. Our latest
study also reported that elevated concentrations of several
emerging halogenated alternative ﬂame retardants in the sur-
rounding environments around the e-waste processing workshops
resulted in their accumulations in locally produced foodstuffs such
as meats and eggs [40]. From the viewpoint of human exposure,
further studies must be conducted to elucidate the concentrations
of m-PFRs and o-PFRs in the locally produced foodstuffs.
4. Conclusions
The results of this study provided information related to the
analytical methodology for m-PFRs and o-PFRs in ﬁsh muscle tis-
sues, and the concentrations of m-PFRs and o-PFRs in the tilapia
muscle samples collected from an e-waste processing area innorthern Vietnam. Our data suggests that the potential bio-
accumulations of o-PFRs in ﬁsh muscle tissues might be lower than
those of TCEP, TCIPP, and TPHP. In particular, information on the
persistence and bioaccumulation of PBDPP obtained from the
present and previous studies [36e38] might give a hint to consider
a design of ﬂame retardants with low bioaccumulative potential.
Additional studies are also needed to elucidate the presence of o-
PFRs in the liver and other tissues, the leaching behaviors of o-PFRs
in the environment and biota, and the bioaccumulation and po-
tential toxic effects of the o-PFR breakdown products.
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